Replication of cytomegalovirus (CMV) is largely controlled by the cellular arm of the immune response. In this study the CMV-specific CD4 T-cell response was characterized in a cohort of apparently healthy individuals. In 11% of all individuals, extremely high frequencies, between 10 and 40%, were found. High-level frequencies of CMV-specific CD4 T cells persisted over several months and were not the result of an acute infection. Specific T cells were oligoclonal and were phenotypically and functionally characterized as mature effector cells, with both cytokine-secreting and proliferative potential. These high-level frequencies do not seem to compromise the immune response towards heterologous infections, and no signs of immunopathology were observed. Whereas a large temporary expansion of virus-specific T cells is well known to occur during acute infection, we now show that extremely high frequencies of virus-specific T cells may continuously exist in chronic CMV infection without overtly compromising the remaining protective immunity.
The human cytomegalovirus (CMV) is among the leading causes for virus-associated complications after transplantation (13, 25, 27) . CMV is a herpesvirus that employs several strategies which interfere with the host immune system. Consequently, the virus is only rarely, if ever, eliminated from the infected host and establishes a state of latency which is clinically inapparent in healthy individuals (1) . Upon the use of immunosuppressive medication that specifically inhibits T-cell function, however, the risk of developing CMV-related disease is significantly increased, demonstrating the importance of the cellular arm of the immune response for the control of extensive viral replication (23, 41) .
Murine models have been instrumental in elucidating the relative importance of the individual components of the cellular immune response. Work with B-cell-deficient mice has demonstrated that CMV-specific antibodies do not contribute to the control of primary viremia; however, they seem to play some role in limiting virus dissemination during episodes of virus recurrence (18, 19) . Using the same model system, both the importance and the hierarchy of the cellular arm of the immune system were emphasized. Major histocompatibility complex-unrestricted natural killer cells and MHC-restricted CD4 and CD8 T cells were the dominant effectors for suppression of CMV replication and protection from lethal virus challenge. The effect of in vivo depletion of single effector subsets was to a large extent compensated for by the remaining subsets, indicating a functional redundancy of the cellular control mechanisms (31) .
In humans, the overall importance of CMV-specific CD4 and CD8 T-cell responses in controlling the extent of virus replication was convincingly demonstrated by adoptive transfer experiments (48) or by the analysis of proliferative and cytotoxic T-cell activity (20, 33) . We recently added on to this knowledge by showing that a drop in the frequency of CMVspecific CD4 T cells may even be predictive of CMV-associated disease in patients after renal transplantation. This is particularly relevant immediately after transplantation, when high doses of immunosuppressive drugs may disrupt the balance between viral replication and cellular immune responses. Later, after transplantation, a balance is apparently regained that allows the efficient control of virus recurrence, and CMVspecific T-cell responses do not differ from those of healthy controls (38) .
In this study a detailed analysis of CMV-specific CD4 T-cell responses and subsets thereof was performed with clinically asymptomatic individuals with persistent CMV infection. We found that absolute T-cell frequencies show a large interindividual variation, with frequencies of up to 40%. CMV-specific T cells show characteristics of mature effector cells. These high frequencies are not the result of an acute infection, demonstrating that a chronically infected organism may continuously supply enormous numbers of T cells focused on a single persistent virus.
MATERIALS AND METHODS

Subjects.
The study was conducted with 161 CMV-seropositive individuals (50 healthy individuals and 111 long-term renal transplant recipients; 51.1 Ϯ 14.2 years old) and 77 CMV-seronegative individuals (49 healthy individuals and 28 long-term renal transplant recipients; 38.6 Ϯ 14.0 years old). All individuals were documented as CMV-seropositive or seronegative and had no CMV-associated symptoms. All transplant recipients received an immunosuppressive double or triple drug regimen. Among seropositive individuals, nine long-term stable renal transplant recipients (54.0 Ϯ 9.9 years old; four males, five females; 8.9 Ϯ 4.2 years old after transplantation; range, 2.3 to 15.6 years) with high frequencies of CMV-specific CD4 T cells were chosen for further analysis. All individuals were seropositive prior to transplantation, except for one (individual #0320), for whom the respective pretransplant serostatus is not known. Serostatus of the donor was positive in four cases and unknown in the remaining cases. Seven individuals received a triple drug regimen consisting of cyclosporine A (CyA), azathioprine (Aza), and methylprednisolone (MP), except for one (individual #1325) receiving CyA/MP and one (individual #0320) receiving Aza/MP. Blood was drawn in the morning before intake of immunosuppressive drugs. To control for trough levels of immunosuppressive drugs, serum levels of CyA were determined using a standard assay (Roche Diagnostics, Mannheim, Germany). Mean trough levels were 106.6 Ϯ 31.58 ng/ml. All patients and control persons gave informed consent.
Stimulation of CMV-specific CD4 and CD8 T cells within whole blood. Simultaneous stimulation of CMV-specific CD4 and CD8 T cells was performed in whole blood essentially as described previously (38, 39, 42) . As a stimulus, titered amounts of CMV antigen that was derived from CMV-infected fibroblasts (complement fixation reagent; BioWhittaker, Verviers, Belgium) were used in the presence of 1 g of ␣CD28 and ␣CD49d (clones L293 and 9F10; BD PharMingen, Heidelberg, Germany)/ml, respectively. As negative controls, blood cells were stimulated with control antigen that was derived from mock-infected fibroblasts and thus does not contain any CMV proteins (BioWhittaker). In selected individuals, additional stimulations were carried out using 2.5 g of staphylococcus aureus enterotoxin B (SEB) (Sigma, Deisenhofen, Germany)/ml. Cells were incubated in polypropylene tubes at 37°C at 6% CO 2 for a total of 6 h. During the last 4 h, 10 g of Brefeldin A (Sigma)/ml was added to block extracellular secretion of cytokines. Thereafter, the blood was treated with 2 mM EDTA for 15 min. Subsequently, erythrocytes were lysed and leukocytes were fixed for 10 min using BD lysing solution according to the manufacturer's instruction (BD PharMingen). Cells were washed once with FACS buffer (phosphate-buffered saline, 5% filtered fetal calf serum, 0.5% bovine serum albumin, 0.07% NaN 3 ) and either immediately processed for flow-cytometric analysis or left overnight at 4°C.
Stimulation of CMV-specific T cells from isolated PBMC. peripheral blood mononuclear cells (PBMC) were isolated using density gradient centrifugation. PBMC (10 6) from a CMV-positive and a CMV-negative blood donor, respectively, were mixed and stimulated in a final volume of 450 l in polypropylene round bottom tubes (Greiner, Frickenhausen, Germany) as described above using CMV antigen or control antigen. In order to assign the cells in the respective mixture to individual donors, cells from one donor were prestained using fluorescein isothiocyanate (FITC)-conjugated anti-CD45 monoclonal antibody (F4149; Sigma). After 2 h at 37°C, 10 g of Brefeldin A/ml was added, and cells were vortexed, centrifuged for 5 min at 300 ϫ g, and incubated for an additional 4 h. Subsequently, PBMC were treated with 2 mM EDTA as described above and fixed at 37°C for 5 min using prewarmed 4% paraformaldehyde solution. Thereafter, cells were washed once with FACS buffer and processed for flow-cytometric analysis.
Polyclonal stimulation of Th1 and Th2 cells in whole blood. The protocol for polyclonal stimulation was adapted from reference 40 for the use in whole blood. One hundred fifty microliters of heparinized blood was supplemented with 300 l of RPMI containing 5% fetal calf serum (Biochrom, Berlin, Germany), 2 mM glutamine, and antibiotics (PAA, Cölbe, Germany). T cells were stimulated in polypropylene tubes at 37°C at 6% CO 2 for 4 h using 10 ng of phorbol myristate acetate (PMA)/ml and 2 M ionomycin (both from Sigma) in the presence of 10 g of Brefeldin A/ml. Mock-treated samples contained only Brefeldin A. Thereafter, samples were fixed as described above and processed for flow cytometry.
Determination of the frequency and characterization of CMV-specific T cells and T-helper-cell profiles by flow cytometry. Fixed leukocytes were permeabilized with 2 ml of FACS buffer containing 0.1% saponin (Sigma) for 10 min at room temperature. Thereafter, they were immunostained for 30 min at room temperature in the dark using saturating conditions of the following antibodies: anti-CD4 or anti-CD8 (clones SK3 or SK1), anti-gamma interferon (IFN-␥) (clone 4S.B3), and anti-CD69 (clone L78) (all antibodies from BD PharMingen). In addition, the following cell surface molecules were stained on cytokinepositive cells: CD45RO, CD27, CD62L (all antibodies from BD PharMingen), T-cell receptor (TCR)-V␤2, -V␤3, -V␤5.1, -V␤5.2, -V␤8, -V␤13.1, -V␤14, -V␤16, -V␤17, -V␤20, -V␤21.3, and -V␤23 (antibodies from Beckman Coulter, Krefeld, Germany), and CCR7 (antibody clone 3D12, kindly provided by M. Lipp, MDC, Berlin, Germany). Staining of CCR7 was performed as an indirect procedure using phycoerythrin-conjugated F(abЈ) 2 donkey-anti-rat immunoglobulin G fragments (Dianova, Hamburg, Germany) as secondary antibody. For the determination of T-helper-cell profiles, cells treated with PMA-ionomycin were stained with antibodies against CD4, interleukin 4 (IL-4) (clone 8D3-8, BD PharMingen), and IFN-␥. Specifically stimulated PBMC were stained using antibodies against CD4 and IFN-␥. After staining, cells were washed once with 3 ml of FACS buffer and fixed with 1% paraformaldehyde. At least 10,000 CD4-or CD8-positive lymphocytes were analyzed on a FACScan (Becton Dickinson, Heidelberg, Germany) using Cellquest software. Usually, control antigens did not stimulate any IFN-␥ production. Nevertheless, the percentage of specific T cells was calculated by subtraction of the frequency obtained by the respective control stimulations.
Determination of antigen-specific T-cell frequencies using enzyme-linked immunospot (ELISPOT) assay. The ELISPOT assay was essentially done as described previously (34, 35) . PBMC were isolated using density gradient centrifugation, and 2 ϫ 10 5 PBMC per well were stimulated as described above using CMV antigen, control antigen, or SEB. This cell number was found to be superior to more diluted cell suspensions and ensures proper cell-cell contact during stimulation. In order to exclusively detect cytokine-secreting CD4 T cells, a subset of PBMC was depleted for CD8 T cells by negative selection (Dynal, Hamburg, Germany) and treated similarly. In general, ELISPOT assay wells containing more than 500 spot-forming cells cannot be counted accurately because the spots start to coalesce. This would correspond to a frequency of 0.5% activated cells of all PBMC.
Determination of antigen-specific proliferation. PBMC were isolated using density gradient centrifugation. PBMC (10 5 per well) were stimulated in triplicate as described above using CMV antigen, control antigen, or SEB. Cells were pulsed with 0.25 Ci of [ 3 H]thymidine/well after 1, 2, 3, 4, or 5 days and incubated for a further 20 h. Thereafter, counts per minute were determined using a standard harvesting apparatus (Wallac, Freiburg, Germany).
Determination of CMV serostatus and viral load. The CMV serostatus was determined by a commercial CMV immunoglobulin G test (IMX, MEIA; Abbott Diagnostics, Wiesbaden, Germany), and CMV loads were measured as virus DNA from whole blood using the hybrid capture assay (Digene Hybrid Capture system, CMV-DNA, version 2.0; Abbott Diagnostics) according to the manufacturer's instructions.
Statistical analysis. Statistical analysis was performed using the Prism V3.00 Software (Graphpad, San Diego, Calif.). Significant differences were determined using the Mann-Whitney test.
RESULTS
The frequency of CMV-specific CD4 T cells shows a wide distribution among CMV-seropositive individuals. Heparinized whole blood of CMV-seropositive healthy individuals (n ϭ 50) or long-term renal transplant recipients (n ϭ 111) with stable graft function and without any evidence of infectious complications was incubated with CMV antigen or control antigen for 6 h in vitro, and antigen-specific T-cell cytokine induction was subsequently analyzed by flow cytometry. The frequency of CMV-specific CD4 T cells was determined as the percentage of CD69-and IFN-␥-positive CD4 T cells. CMVspecific CD4 T cells with median frequencies of 1.87% were detectable in all seropositive donors, whereas none of the 77 seronegative individuals tested had any T cells reactive against CMV (all below 0.05%) (Fig. 1 ). There was a large variation between seropositive individuals in the number of CMV-specific CD4 T cells, and 17 individuals had frequencies exceeding 10% (total range, 0.1 to up to 43.8%).
The frequency of CMV-specific CD4 T cells may exceed superantigen responses. So far, antigen-specific responses of extremely high frequencies have been found during acute viral infections or for responses to strong polyclonal stimuli, such as superantigens. In individual cases, however, CMV-specific CD4 T cells may reach frequencies as high as 43.81% of all CD4 T cells (individual #0320) ( Fig. 2A) , well above the respective frequency found for the bacterial superantigen SEB (2.85%). In contrast, the respective CMV-specific CD8 T-cell frequency was lower, while SEB stimulation induced cytokine production in 31.58% of CD8 T cells. Within the same individual, control antigen failed to induce any relevant cytokine production.
The existence of extremely high frequencies of CMV-specific CD4 T cells was confirmed using another well-established assay system for the determination of antigen-specific T cells.
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at SAARLAENDISCHE UNIVERSITA on March 18, 2008 jvi.asm.org PBMC were isolated, and the stimulation-induced IFN-␥ secretion was determined using the ELISPOT assay (Fig. 2B ). As expected, using the cellular concentration of 2 ϫ 10 5 unfractionated PBMC per well, spot distribution nearly reached confluency in both CMV-and SEB-stimulated samples, indicating that the frequencies were far above the upper limit for accuracy (Fig. 2B, upper panel) . The use of unfractionated PBMC does not allow assignment of a single spot-forming unit to individual CD4 or CD8 T cells. To exclusively determine the IFN-␥ secretion capacity of CD4 T cells, PBMC were depleted for CD8 T cells and stimulated similarly. In line with results obtained by flow cytometry (Fig. 2A) , the frequency of IFN-␥-positive spots after CMV antigen stimulation was not significantly reduced, whereas a large fraction of SEB-reactive cells was (Fig. 2B, lower panel) . Together this demonstrates that the CMV-reactive cells mainly represent CD4 T cells.
In addition to the ability of cytokine production after antigenic stimulation, the proliferative capacity of specific T cells was analyzed by the incorporation of [ 3 H]thymidine in vitro, which was added on either day 1, 2, 3, 4, or 5 (Fig. 2C) . The so determined proliferation in individuals with high CMV-specific T-cell frequencies was compared with the proliferative responses in persons with T-cell frequencies in the normal range or seronegative subjects. Three representative examples with CMV-specific CD4 T-cell frequencies of 43.8, 2.9, and 0% are shown (Fig. 2C) . CMV-specific proliferative responses in the individual with the highest T-cell frequencies were detectable already after 1 day (left diagram), whereas the respective response in an individual with a CMV-specific CD4 T-cell frequency of 2.9% required 3 days of proliferation to be detectable (Fig. 2C, center) . The CMV-negative individual does not show any CMV-specific proliferation, whereas in the control stimulation with SEB, proliferation was readily detectable (right diagram). Taken together, the use of three assay systems confirmed the existence of exceedingly high frequencies of CMV-specific CD4 T cells with both cytokine-secreting and proliferative capacity.
No evidence of an unspecific bystander activation after CMV stimulation. Cytokines secreted by activated T cells may lead to a potential bystander activation of antigen-nonspecific T cells. To test whether this process may confound the determination of CMV-specific T cells, a simultaneous stimulation of a mixture of PBMC from a CMV-positive donor and a CMV-negative donor was performed using CMV antigen and control antigen (Fig. 3) . In order to flow-cytometrically distinguish the T cells from the two different donors within the mixture, cells from one donor were prestained using FITCconjugated anti-CD45 antibody. This did not affect the determination of specific T-cell frequencies (Fig. 3A , upper panel and data not shown). Remarkably, only CD4 T cells from the CMV-positive donor were activated to produce cytokines, whereas T cells from the CMV-negative donor remained cytokine negative (Fig. 3A) . This result was confirmed using all combinations of three CMV-positive donors and three negative donors (Fig. 3B) . Consequently, bystander activation does not seem to confound the determination of CMV-specific-Tcell frequencies.
A highly focused CD4 T-cell response against CMV may be stable without clinical symptoms. The high frequency of virusspecific T cells is reminiscent of the large temporary clonal T-cell expansion after primary infection or reactivation with
Epstein-Barr virus or lymphocytic choriomeningitis virus (4-6, 15, 46) . However, all the individuals with high CMV-specific CD4-T-cell frequencies described here were remarkably stable in their CMV responses during the study period of more than 2 years (Fig. 4) and showed no evidence of intercurrent infection or CMV replication. The respective CMV-specific CD8-T-cell frequencies were consistently lower and sometimes not detectable ( Fig. 2A ) (38; also data not shown). Interestingly, despite this highly focused virus-specific CD4 T-cell response, all individuals were without any clinical symptoms and showed no signs of increased susceptibility to heterologous infections. While the reasons for the extent of the CMV response remain unclear, it may reflect the requirement to maintain an individually constant percentage of CD4 T cells to efficiently control CMV replication.
The CMV-specific CD4 T-cell response is oligoclonal. Exceedingly high frequencies of T cells directed against a single pathogen might be the result of a large monoclonal expansion, i.e., after infection with a superantigen-carrying microbe (17) . Therefore, the clonal composition of antigen-specific T cells in individual subjects was determined by staining various FIG. 3 . Lack of antigen-nonspecific CD4 T-cell activation. PBMC from pairs of three CMV-positive and three CMV-negative blood donors in all combinations were mixed and stimulated for 6 h using CMV antigen and control antigen. To distinguish cells of the respective donor within the mixture, PBMC of one donor were prestained using FITC-conjugated anti-CD45 antibody (prestained cells are denoted with an asterisk). After stimulation, IFN-␥ production was flow-cytometrically analyzed in T cells from each donor in the mixture. (A) PBMC from a CMV-negative (n) and a CMV positive (p) donor were mixed (*p/p, *n/n, *p/n; 10 6 PBMC from each donor) and stimulated. (B) PBMC from three CMV-positive (prestained) and three CMV-negative donors were mixed in all possible combinations (n ϭ 9; *CMVϩ/CMVϪ). Six different combinations of PBMC from CMV-negative (*CMVϪ/CMVϪ) and CMV positive donors (*CMVϩ/CMVϩ) were stimulated as controls.
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at SAARLAENDISCHE UNIVERSITA on March 18, 2008 jvi.asm.org TCR-V␤ chains in stimulated cytokine-positive CD4 T cells. A representative example of TCR V␤ distributions among CMVspecific CD4 T cells is shown in Fig. 5A (subject #0320). Recognition of CMV antigen is mediated by a variety of different TCR specificities, and prominent fractions of CMVspecific cells were found among T cells bearing TCR-V␤13.1 or -V␤16. Several TCR, such as TCR-V␤8.0, did not recognize any CMV antigen (for other examples see Fig. 5B ). Interestingly, the relative distribution of TCR-V␤ chains among CMVspecific T cells varies in different individuals (Fig. 5B) . Within one individual, however, not only the absolute frequency (Fig.  4) but also the clonal distribution of CMV-specific T-cell responses are highly stable over time (data not shown). Thus, CMV-specific T cells are not derived from a monoclonal expansion but rather represent a repertoire of individually differing oligo-or polyclonal responses. This also implies that the postulated CMV superantigen (9) does not exert any biasing effect on the CMV-specific T-cell repertoire.
The CMV-specific CD4 T-cell response is mediated by mature effector cells. In order to characterize the phenotype and maturation status of CMV-specific T cells, CMV-and SEBreactive T cells were further analyzed (Fig. 6 and Table 1 ). The majority of CMV-specific T cells had an activated/memory phenotype with expression of CD45RO, downregulation of CD62L, and low CCR7 expression. As shown in a representative example, 99.7% of CMV-specific T cells were negative for CD27, which is indicative of a mature differentiation state. This does not apply to the SEB-reactive T cells, since 16.8% of the respective fraction were CD27 positive ( Fig. 6 ; see also Table  1 ). These observations may explain the discordance of CMV/ SEB-specific CD4 T-cell frequencies and their proliferative responses (Fig. 2C) , which are determined by both the frequency and the differentiation status of specific T cells in the population (21, 26) .
Interestingly, although the majority of CMV-specific T cells are positive for CD45RO, certain individuals show a distinct fraction of CMV-reactive CD45RO-negative T cells (Table 1) . Given the fact that within the short incubation time of 6 h naive cells are not able to respond with relevant cytokine production (49), these observations support the concern about the general use of CD45RO to characterize antigen-experienced memory T cells (3, 7, 24, 28, 29) .
CMV-specific CD4 T cells were generally expressing Th1 cytokines, such as IFN-␥ and TNF-␣, but not the Th2 cytokines IL-4 or IL-10 (data not shown). In connection with their high frequency, the T-helper profile may be significantly biased towards Th1. For example, among the 80% Th1 cells of donor #0320 that produced IFN-␥ after polyclonal stimulation with PMA-ionomycin (Fig. 6 ), 56% were CMV specific (Table 1) . This illustrates how antigenic challenge from a single virus may affect the composition of the total CD4 T-cell pool.
DISCUSSION
In this study an analysis of the frequencies and phenotypic characteristics of CMV-specific CD4 T cells in seropositive individuals was performed. The most striking observation was the existence of extremely high frequencies of CMV-specific CD4 T cells in individuals with stable control of viral replication and no signs of clinical symptoms. In about 11% of all cases (17 blood donors out of 161), frequencies ranging from 10 to 43% were detected. These T cells were oligoclonal and showed a considerably homogenous expression of markers characteristic of antigen-experienced mature effector cells. They were functionally characterized by their capacity to secrete IFN-␥ and to proliferate upon antigenic stimulation. Frequencies in a high range are well known during acute infections of mice, monkeys, and humans, although the analysis has mainly been restricted to virus-specific CD8 T cells (4-6, 15, 22, 36, 46) . Acute infection with lymphocytic choriomeningitis virus leads to a profound temporary expansion of virusspecific T cells (4) . Likewise, primary human Epstein-Barr virus infection is accompanied by the induction of specific CD8 T cells, which may reach frequencies of up to 40% (6). These frequencies, however, decline upon control of viremia and are far less abundant in chronic infection.
During chronic infection with CMV, high levels of virusspecific T cells do exist, but CMV-specific CD4 T cells seem to dominate respective CD8 T-cell responses. Recently, high frequencies of CMV-specific CD8 T cells have been found in chronically infected individuals by using peptide-specific tetramers (12) . Although this peptide specificity may lead to an underestimation of absolute CD8 T-cell frequencies, levels did not exceed 5% of total CD8 T cells and thus lay far beyond frequencies of CMV-specific CD4 T cells reported in this study. In support of the dominance of CMV-specific CD4 T cells, measurable CMV-specific CD8-T-cell frequencies in our cohort were almost always lower than respective CD4 T-cell responses (38) (Fig. 2A) . Thus, taken together, these high CD4 T-cell frequencies are among the highest reported for chronically infected individuals, and these levels are highly stable over time.
The continuous presence of such high frequencies of CMVreactive CD4 T cells in the chronic phase of CMV infection was unexpected and calls into question whether the stimulation conditions were really CMV specific. Thus, it might be possible that a significant proportion of the activated CD4 T cells were cross-reactive or were triggered by bystander activation. However, the following observations made this unlikely: (i) CD4 T cells of CMV-seronegative individuals were not activated under the activation conditions (Fig. 1); (ii) mixing labeled PBMC of CMV-seronegative and CMV-seropositive blood donors revealed a specific stimulation of the CD4 T cells of the seropositive donors only (Fig. 3) ; (iii) CMV-induced cytokineproducing T cells were found among distinct sets of TCR-V␤-positive T cells, whereas cytokine production in T cells with different V␤ specificities was not concomitantly induced, although the latter population contained memory T cells (Fig. 5 and data not shown); and (iv) the CMV antigen itself does not contain any broadly activating cofactor, as its addition to the stimulation of PBMC from CMV-seronegative donors with adenovirus antigen or SEB did not lead to an enhancement of the respective CD4 T-cell frequency (data not shown). One might still argue that the high CMV response might in part be due to an auto-or allo-antigen that is present in the CMV preparation or to cross-reactivity of CMV-specific T cells with 
VOL. 76, 2002 HIGH FREQUENCIES OF VIRUS-SPECIFIC CD4 T CELLS 3753
auto-antigens (14) . However, control antigen did not stimulate any cytokine production, and a highly frequent CMV-specific CD4 T-cell response is rather common among CMV-seropositive individuals (see Fig. 1 ). Moreover, no signs of autoimmunity have ever been detected in the persons studied. Together this strongly supports our view of a highly frequent CD4 T-cell response focused on CMV. Several causes may contribute to the generation of these high frequencies. First, the individual frequency might directly be linked to primary infection. As has been shown in the mouse model, the course of primary CMV infection defines the overall load of viral genomes in tissues (32) . Induction of protective immunity requires entry of viral antigens into secondary lymphoid tissues. The dose of antigen and the duration of antigenic stimulation critically determine the outcome of the immune response (50) , and the clonal burst size of T cells during the acute response is directly related to the frequencies of T cells in the memory pool (16) . Second, homeostatic proliferation in lymphopenic hosts has been shown to drive the expansion of T cells to maintain a certain size of the memory T-cell pool (43) . Although conditions of homeostatic proliferation are difficult to assess in systems other than animals, strong immunosuppressive therapy immediately after transplantation may similarly lead to lymphopenic conditions where the presence of persistent viruses, such as CMV, may be prone to bias the clonal size of an immune response towards CMV. Third, the quantity might be linked to the CMV strain or HLA type, which determine the overall repertoire of displayed antigens. Consequently, different subsets of immunogenic peptides are presented which may influence the absolute frequency of an antigen-specific response (2, 11) .
The particular stability of virus-specific CD4 T cells has already been demonstrated in elegant murine models, where frequencies of virus-specific CD4 T cells are stable even upon infection with heterologous viruses (45, 47) . In contrast, in the same setting, virus-specific CD8 T cells experience a considerable attrition and are displaced by memory T cells of other specificities (37) . Nevertheless, it is currently unclear how these high levels of virus-specific CD4 T-cell frequencies are maintained. For persistent viruses, such as CMV or human immunodeficiency virus (HIV), it is generally appreciated that the presence of viral antigen in the lymphatic tissue represents a continuous stimulus for the maintenance of virus-specific T cells. In support of this view, members of our group and others recently reported that a therapy-induced decline in HIV load leads to a progressive loss of both virus-specific CD4 and CD8 T cells in HIV-infected individuals (30, 39) . In the case of CMV, it was shown in murine models that productive replication cycles are frequently initiated at the sites of CMV latency (31) . The same may hold true for human CMV, although the CMV load in healthy seropositive subjects is generally not measurable. Upon the use of highly sensitive assays, however, viral DNA has also been detected (44) . Thus, it is reasonable to assume that boosting of T-cell responses by periodic subclinical CMV replication accounts for the stability of CMVspecific T-cell frequencies over time.
CMV-specific CD4 T cells correlate with control of CMV replication in vivo (38) and have a median frequency of approximately 1.9%. Neither the frequency nor its interindividual distribution differs between healthy individuals and long-term transplant recipients (Fig. 1) . While a decline of CMV-specific CD4 T cells to below 0.25% is associated with an increase in viral replication and the development of CMV-associated symptoms (38) , it is unclear what consequences the continued presence of extremely high specific T-cell frequencies might have. Substantial evidence has been provided that T cells can mediate not only protective immunity but also immunopathology (8, 10, 51) . Thus, it is conceivable that the localized effector function of highly numerous T cells with distinct oligoclonal specificity may induce immunopathogenesis at sites of viral replication. Moreover, the existence of highly frequent T cells directed against a single virus raises concerns about whether the affected individual is able to mount an adequate immune response against viruses other than CMV. Interestingly, however, our group of individuals does not show any clinical signs of immunopathology or any evidence of a compromised control of heterologous infections. Nevertheless, it still seems possible that an existing low-level immunity, i.e., towards heterologous viruses, is further reduced to below protective levels by conditions of severe immune deterioration, such as extensive surgical procedures or serious acute infections.
In conclusion, a highly frequent CMV-specific cellular immune response is detectable in a number of persistently infected individuals without any obvious signs of immunopathology or enhanced susceptibility towards heterologous infections. These findings emphasize that the remaining repertoire is sufficiently large to compensate for the expansion of T cells with single viral specificities. Furthermore, it indicates that CMV may have a particular pathogenic potential against which the immune system has to concentrate its resources.
